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Half-cycle laser pulse is applied on an absorbed molecule to investigate its alignment and orien-
tation behavior. Crossover from field-free to hindered rotation motion is observed by varying the
angel of hindrance of potential well. At small hindered angle, both alignment and orientation show
sinusoidal-like behavior because of the suppression of higher excited states. However, mean orien-
tation decreases monotonically as the hindered angle is increased, while mean alignment displays a
minimum point at certain hindered angle. The reason is attributed to the symmetry of wavefunction
and can be explained well by analyzing the coefficients of eigenstates.
PACS: 73.20.Hb, 33.55.Be, 33.20.Sn
Alignment and orientation of molecules are important
in the investigations of stereodynamics [1], surface catal-
ysis [2], molecular focusing [3], and nanoscale design [4].
The alignment scheme has been demonstrated both in
adiabatic and nonadiabatic regimes. A strong laser pulse
can adiabatically create pendular states, and the molec-
ular axis is aligned in parallel to the direction of field
polarization. The molecule goes back to its initial con-
dition after the laser pulse is switched of, and the align-
ment can no longer be observed again[5]. To achieve
adiabatic alignment, the duration of laser pulse must be
longer than the rotational period. However, an ultrashort
laser pulse with several cycles is also observed to induce a
field-free alignment providing the duration of laser pulse
is smaller than the rotational period. In this limit, the
alignment occurs periodically in time as long as the co-
herence of the process is preserved [6]. On the other
hand, a femtosecond laser pulse is found to be able to
generate field-free orientations [7]. The dipole molecule,
kicked by an impulsive pulse, will tend to orient in the
direction of laser polarization. Laser-indued molecular
orientations have been demonstrated in several experi-
ments [8, 9, 10].
Recently, the rotational motion of a molecule inter-
acting with a solid surface has attracted increasing in-
terest. It is known that molecules can be desorbed
by applying UV laser beam along the surface direction,
and the quadrupole is a measure of the rotational align-
ment [11]. To understand molecular-surface interaction,
Gadzuk and his co-workers [12] proposed an infinite-
conical-well model, in which the adsorbed molecule is
only allowed to rotate within the well region. Shih et
al. further proposed a finite-conical-well model to gen-
eralize the study of a finite hindrance [13]. Their results
showed that the rotational states of an adsorbed dipole
molecule in an external electric field exhibit interesting
behaviors, and theoretical calculation of the quadrupole
moment based on finite-conical-well model is in agree-
ment with the experimental data [14]. These findings
may be great useful for understanding the surface reac-
tion.
In the present work we present a detailed investigations
on the rotational motion of a polar diatomic molecule,
which is confined by a hindering conical-well. Differ-
ent well-dependent signatures between the alignment and
orientation of the hindered molecule under an ultrashort
laser pulse are pointed out for the first time. Crossover
from field-free to hindered rotation is also observed by
varying the hindered angle of potential well. These make
our results promising and may be useful in understanding
the molecule-surface interactions.
FIG. 1: Schematic view of the hindered rotor.
Consider now a laser pulse polarizing in z-direction in-
teracts with the hindered molecule as shown in Fig.1.
The model Hamiltonian can be written as
H = −
h¯2
2I
J2 + Vhin(θ, φ) +HI , (1)
where J2 and I are angular momentum and momentum
of inertia of the molecule. The rotational constant B
is set equal to h¯
2
2I . It is reasonable to assume that the
surface potential Vhin(θ, φ) is independent of φ since pre-
vious calculations have shown that its dependence on φ
is weaker than that on θ [15, 16, 17]. Therefore, in the
vertical absorbed configuration, the surface potential can
2be written as [12]
Vhin(θ) =
{
0, 0 ≤ θ ≤ α
∞, α < θ ≤ π
, (2)
where α is the hindered angle of the conical well. In
Eq. (1), HI describes the interaction between the dipole
moments (permanent and induced) and laser field:
HI = −µE (t) cos θ
−
1
2
E2 (t) ((α‖ − α⊥) cos2 θ + α⊥), (3)
where µ is the dipole moment. The components of
the polarizability α‖ and α⊥ are parallel and perpen-
dicular to the molecular axis, respectively The laser
field in our consideration is a Gaussian shape: E (t) =
Ee−
(t−to)2
σ2 cos (ωt) , where E is the field strength and ω is
the laser frequency. To solve time-dependent Schro¨dinger
equation, the wavefunction is expanded in terms of a se-
ries of eignfunctions as:
Ψl,m =
∑
cl,m (t)ψl,m (θ, φ) , (4)
where cl,m (t) is time-dependent coefficients correspond-
ing to the quantum numbers (l,m). For the vertical ad-
sorbed configuration, the wavefunction can be written as
ψl,m (θ, φ) =
{
Al,mP
|m|
νl,m(cos θ)
exp(imφ)√
2pi
, 0 ≤ θ ≤ α
0 , α < θ ≤ π
,
(5)
where Al,m is the normalization constant and P
|m|
υl,m is as-
sociated Legendre function of arbitrary order. In above
equations, the molecular rotational energy can be ex-
pressed as
ǫl,m = νl,m(νl,m + 1)B. (6)
In order to determine νl,m, one has to match the bound-
ary condition
P |m|νl,m (cosα) = 0. (7)
After determining the coefficients cl,m (t), the orientation
〈cos θ〉 and alignment
〈
cos2 θ
〉
can be carried out imme-
diately.
We choose ICl as our model molecule, whose dipole
moment µ = 1.24 Debye, rotational constant B =0.114
cm−1, polarizability components α‖ ≈ 18 A˚3 and α⊥ ≈ 9
A˚3. The peak intensity and frequency of laser pulse is
about 5 × 1011 W/cm2 and 210 cm−1, respectively. For
simplicity (zero-temperature case), the rotor is assumed
in ground state initially, i.e. c0,0 (t = 0) = 1. Besides,
in order to keep the simulations promising, the highest
quantum number for numerical calculations is l = 15,
such that the results are convergent and the precision is
to the order of 10−7.
The solid lines in the insets of Fig. 2 show the depen-
dence of the alignment on hindered angle α. For α = 60◦,
sinusoidal-like behavior is presented, and the alignment
ranges from 0.63 to 0.91. As the hindered angle increases,
the curves become more and more complicated and grad-
ually approach the free rotor limit as shown in the insets
of Fig. 2 (b) (α = 120◦) and 2 (c) (α = 180◦). This can
be understood well by studying the populations |cl,m|
2
of
low-lying states. In the regime of small hindered angle,
there is little chance for electron to populate in higher ex-
cited states since the shrinking of the conical-well angle
causes the increasing of energy spacings.
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FIG. 2: The populations of the states (l,m = 0) for different
hindered angles: (a) α = 600, (b) α = 1200, (c) α = 1800.
The insets show the corresponding alignments (solid lines)
and the factors
∑
l 6=l′
〈
ψl′,m′
∣∣cos2 θ∣∣ψl,m〉 (dotted lines).
One also notes that the populations of a hindered
molecule for α = 60◦ and 120◦, shown in Fig. 2 (a)
and (b), mainly compose of l = 0, 1 and 2 states, while
the population of a free rotor is composed of l = 0, 2, 4
states. The underlying physics comes from the reason
that
〈
ψl′,m′
∣∣cos2 θ∣∣ψl,m〉 is non-zero for all l and l′ val-
ues in the case of hindered rotation. But it is zero in free
rotor limit except for l = l′ or l = l′ ± 2. The dotted
lines in the insets represent the first two contributions of
the factors
∑
l 6=l′
〈
ψl′,m′
∣∣cos2 θ∣∣ψl,m〉 from low-lying states,
i.e. summing the largest value of the off-diagonal term〈
ψl′,m′
∣∣cos2 θ∣∣ψl,m〉. As can be seen, the populations
for small hindered angle are mainly distributed on lower
states since the main oscillation frequency of the curve
(dotted lines) is roughly equal to that from whole contri-
3butions (solid lines).
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FIG. 3: The orientations 〈cos θ〉 (solid lines) of a hindered
molecule confined by infinite conical-well for different hin-
dered angles: (a) α = 600, (b) α = 1200, (c) α = 1750.
The dashed and dotted lines in (c) correspond to different
potential barrier height, i.e. V0 = ∞ and 100, respectively.
Let us now turn our attention to the case of orientation.
After applying a short pulse laser, the orientation 〈cos θ〉
of a hindered molecule (α = 60◦) oscillates sinusoidally
with time as shown in Fig. 3 (a). The value of 〈cos θ〉
is always positive because the rotational wavefunction is
compressed heavily. As the hindered angle α becomes
larger, the oscillation frequency also decreases as shown
in Fig. 3 (b). These signatures are quite close to that
of the alignment. We then conclude that even at larger
hindered angle (α = 1200) the role of hindered potential
still overwhelms the laser pulse, or the value of 〈cos θ〉
should not always be positive.
Fig. 3 (c) represents results of orientations in infinite
(V0 = ∞) or finite (V0 = 100) conical-well potential for
α = 1750. Dashed and dotted lines correspond to V0 =∞
and 100, respectively. As can be seen, the effect of laser
pulse is obvious because negative value appears. Com-
paring the results with the free orientation [7], the an-
gular distributions for finite well are more isotropic since
the wave functions can penetrate into the conical-barrier.
Further analysis shows that components of orientation
〈cos θ〉 or alignment
〈
cos2 θ
〉
can be divided into two
parts: diagonal and nondiagonal terms. The nondiag-
onal term represents the variations of these curves such
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FIG. 4: The mean orientation 〈cos θ〉
mean
and alignment〈
cos2 θ
〉
mean
in infinite conical-well. The insets show the pop-
ulations |cl,m|
2 (fulled bar) and factors
〈
ψl,m
∣∣cos2 θ∣∣ψl,m〉
(sparse bar). Insets (a) and (b) correspond to α = 1100 and
α = 1700, respectively.
as those in the insets of Fig. 2. These variations with
time are determined by the phase difference coming from
various energy levels. To see the contributions from di-
agonal terms, we evaluate the time-averaged orientation
and alignment. In this case, the nondiagonal values will
be averaged out, and only contributions from diagonal
terms exit. Fig. 4 shows the mean orientation and align-
ment as a function of hindered angle. As α increases,
the mean orientation decreases monotonically from 1 to
0. This is because the mean orientation is determined by
|cl,m|
2
and
〈
ψl,m |cos θ|ψl,m
〉
. For a larger angle α, the
populations |cl,m|
2
mainly compose of l = 0, 2, 4 states.
But the value
〈
ψl,m |cos θ|ψl,m
〉
is governed by the selec-
tion rule: l = l′ + 1. Thus the net effect is the shrinking
of the mean orientation in large angle limit.
Contrary to orientation, the mean alignment shows a
quite different feature. The value of
〈
cos2 θ
〉
first de-
creases as α increases. However, it reaches a minimum
point about for α = 1400. From the insets of Fig. 4,
we know that the values of
(〈
ψl,m
∣∣cos2 θ∣∣ψl,m〉) do not
depend significantly on α. Therefore, the decrease of
4〈
cos2 θ
〉
comes from the decreasing tendency of the pop-
ulation |cl=1,m|
2
, while its increasing behavior is caused
by other two populations |cl=0,m|
2
and |cl=2,m|
2
. Com-
petition between these two effects results in a minimum
point.
A few remarks about experimental verifications should
be mentioned here. The degree of alignment can be mea-
sured with the techniques of the femtosecond photodisso-
ciation spectroscopy and the ion imaging [8]. The align-
ment is probed by breaking the molecular bond and sub-
sequently measuring the direction of the photo-fragments
by a mass selective position sensitive ion detector. In con-
trast to alignment, the orientation is probed by Coulomb
exploding the molecules with a femtosecond laser pulse
[9]. By detecting the fragment ions with the time-of-
flight mass spectrometer, a significant asymmetry should
be observed in the signal magnitudes of the forward and
the backward fragments. Under proper arrangements,
orientation and alignment of an absorbed molecule may
be examined by these spectroscopic technologies.
In conclusion, we have shown that a short laser pulse
can induce alignment and orientation of a hindered
molecule. The hindered angle of hindered potential well
plays a key role on the molecular alignment and orienta-
tion. Crossover from field-free rotation to hindered one
can be observed by varying the hindered angle of the po-
tential well. Time averaged alignment and orientation
are investigated thoroughly to understand the difference
between these two quantities.
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